Cardiac magnetic resonance (CMR) imaging is widely used in many areas of cardiovascular disease assessment. This is a practical, standard CMR protocol for beginners that is designed to be easy to follow and implement. This protocol guideline is based on previously reported CMR guidelines and includes sequence terminology used by vendors, essential MR physics, imaging planes, field strength considerations, MRI-conditional devices, drugs for stress tests, various CMR modules, and disease/ symptom-based protocols based on a survey of cardiologists and various appropriate-use criteria. It will be of considerable help in planning and implementing tests. In addressing CMR usage and creating this protocol guideline, we particularly tried to include useful tips to overcome various practical issues and improve CMR imaging. We hope that this document will continue to standardize and simplify a patient-based approach to clinical CMR and contribute to the promotion of public health.
INTRODUCTION
https://doi.org/10.3348/kjr.2019.0398 kjronline.org probably increase the number of tests compared with the past.
In 2010, the Asian Society of Cardiovascular Imaging published standardized protocols for CMR imaging (2) and in 2013 the Society for Cardiovascular Magnetic Resonance published an updated version of the standardized protocols (3) .
Herein, we offer a practical standard CMR protocol for beginners designed to be easy to follow and implement. This protocol guideline is based on previously reported CMR guidelines (1) (2) (3) (4) (5) (6) (7) (8) (9) and includes sequence terminology used by vendors, essential MR physics (10) (11) (12) (13) (14) (15) (16) (17) , imaging planes (2, 18) , field strength considerations (19) (20) (21) (22) (23) (24) (25) , MRI-conditional devices (10, 20, (26) (27) (28) (29) (30) (31) (32) (33) , drugs for stress tests (34) , various CMR modules (16, (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) , and disease/symptom-based protocols (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) (57) (58) based on a survey of cardiologists, and various appropriate use criteria. It will be of considerable help in planning and implementing tests. We particularly tried to include useful tips to overcome various practical issues and improve CMR imaging.
By addressing CMR usage and creating this protocol guideline, we are working to continue the standardization and simplification of the patient-based approach to clinical CMR and contribute to the promotion of public health. As CMR imaging technology progresses, we will update this guideline at regular intervals.
This protocol guideline is a joint report of the Korean Society of Cardiovascular Imaging and the Korean Society of Radiology.
General Considerations Appropriate Criteria
CMR imaging is useful in the diagnosis, stratification, treatment planning, prognosis prediction, and therapeutic effect evaluation of various cardiac diseases (53, 59, 60) . However, appropriate criteria for disease, ethnicity, socioeconomic status, and the medical insurance system are essential to maximizing its clinical utility (1, 61) . In 2014, guidelines for the appropriate use of CMR were published jointly by the Korean Society of Cardiology and the Korean Society of Radiology to guide physicians, imaging specialists, medical associates and patients, and improve the overall performance of the health system (1) . In 2017, expert consensus-based, multimodality appropriate-use criteria for noninvasive cardiac imaging were generated (7) . It is necessary to keep up with the latest appropriate criteria. Various clinical scenarios and optimal CMR protocols are provided at the end of this report.
Patient Preparation
Adequate patient preparation before a CMR examination is a mandatory part of good CMR practice. Checklists include MR indication, contraindications, informed consent, fasting, food, and medications (2) . A detailed explanation of the exam and instructions on how to breathe should be provided to the patient. Patients should be comfortable during their MR examination. Obtaining an electrocardiogram (ECG) signal is essential to acquiring appropriate MR images (62) . Patient preparation checklists are provided in Appendix 1.
• General tips for patient preparation 1) In cases of difficulty with breath holding, arrhythmia, or motion artifacts, consider a singleshot module or free breathing with real-time image acquisition. 2) In cases of difficulties due to profound respiratory motion, consider an abdominal band to reduce artifacts. 3) In cases of difficulties due to pericardial effusion and a weak ECG signal, consider peripheral pulse gating. 4) In cases of difficulties due to ghost artifacts caused by pleural effusion and respiratory difficulties, consider postponing the CMR imaging until after pleural effusion drainage. 1) Acquisition times shortened by using a multi-echo approach (Fig. 2 ) 2) Turbo spin-echo (TSE), FSE, or rapid acquisition with relaxation enhancement 2. Gradient-echo (GRE)
Sequence Terminology
A. Use a low flip angle and gradient pulses B. Advantage: faster image acquisition than spin-echo sequences C. Disadvantage: low signal to noise ratio (SNR) D. Two strategies 1) Spoiled GRE eliminates the remaining transverse magnetization at the end of the TR (Fig. 3 ) a) Strength: fast acquisition of T1 images after injection of contrast agent b) Weakness: saturation of signals when the TR is very short or the flow is very slow 2) Balanced steady-state free precession (SSFP) refocuses and reuses the remaining transverse magnetization at the end of the TR (Fig. 4 
Imaging Plane
The heart has its own unique axis. CMR should be performed based on the exact planes that meet the purpose of imaging. Even though recent MR machines provide a support system for the CMR imaging plane, clinicians should be familiar with various image axes for accurate imaging interpretation.
Basic Planes
I. Left ventricle (LV) 2-chamber view, LV 4-chamber view, LV short axis view 1. Scout imaging or localizer imaging A. Multi-stack transaxial, coronal, and sagittal images should be obtained 2. Vertical long axis image ( Supplementary Fig. 1 
)
A. Obtained from the transaxial localizer 1) Orthogonal to a transaxial scout image at the level of the mitral valve (MV) and tricuspid valve (TV) 2) Aligned through the apex and center of the MV 3. Horizontal long axis ( Supplementary Fig. 2 
A. Obtained from vertical long axis images 1) Orthogonal to the end-systolic vertical long axis image 2) Aligned through the apex and center of the MV 4. Short axis image ( Supplementary Fig. 3 
A. Obtained from vertical long axis images and horizontal long axis images 1) Simultaneously orthogonal to vertical long axis images and horizontal long axis images 2) Perpendicular to the interventricular septum 3) Covers the whole ventricle from the MV to the LV apex at the diastolic phase 5. Four-chamber view ( Supplementary Fig. 4 
A. Obtained from vertical long axis images and the short axis view 1) Orthogonal to the vertical long axis images passing through the LV apex and center of the MV 2) Aligned through the center of the LV chamber and lower corner of the right ventricle (RV) border on short axis images kjronline.org 6. Two-chamber view ( Supplementary Fig. 5 ) A. Obtained from the 4-chamber view and short axis images 1) Orthogonal to the 4-chamber view, passing through the LV apex and the center of the MV 2) Passing through the mid-LV chamber in the short axis view, parallel to the ventricular septum II. LV 3-chamber view and LV outflow tract (LVOT) long axis 1. LV 3-chamber view ( Supplementary Fig. 6 
A. Obtained from the basal short axis view 1) Parallel to the long axis view 2) Bisecting MV and apex 3) Bisecting LVOT 2. LVOT long axis view ( Supplementary Fig. 7 
A. Obtained from a true axial scout image 1) Slice through the aortic root toward the LV apex III. RV 1. RV short axis ( Supplementary Fig. 8 Supplementary Fig. 11) 1. Can be obtained from the 2-chamber view and 4-chamber view A. Plane is parallel to the TV in the middle of the TV III. Aortic valve (AV) view ( Supplementary Fig. 12) 1. Can be obtained from the 3-chamber and LVOT views A. Plane is parallel to the AV just above the AV IV. Pulmonic valve (PV) view 1. Can be obtained from the two orthogonal RVOT views A. Plane is parallel to the PV just above the PV V. MPA view ( Supplementary Fig. 13 ) 1. Can be obtained from two orthogonal views, which are parallel to the MPA 2. Plain is perpendicular to the MPA flow VI. Right pulmonary artery (RPA) and left pulmonary artery (LPA) views ( Supplementary Fig. 14 LGE Imaging I. Purpose: to evaluate myocardial viability II. Sequences (Fig. 10) 1. Patients with sufficient respiratory support: 2D segmented inversion recovery GRE or SSFP, phasesensitive inversion-recovery (PSIR), and 3D sequences 2. Patients with poor breath holding: single-shot 1. I f the inversion time is inaccurate, use the PSIR sequences 2. If the image quality is poor due to motion artifacts or poor breath holding, use single shot LGE (Fig. 11 ) 3. Ghosting artifacts with long T1 tissue Plane: perpendicular to the vessel and distal to valve leaflet tips of interest A. Deviations of more than 15° cause significant errors in the peak velocity and flow rate 2. VENC (Fig. 12) A. Adjust 10-20% higher than expected peak velocities B. A too-low velocity causes aliasing C. A too-high velocity causes noise and inaccurate measurements D. Usual peak velocities 1) Main pulmonary artery: 60-120 cm/s 2) Right/left pulmonary artery: 60-120 cm/s 3) Ascending aorta: 100-160 cm/s 3. TE: as short as possible 4. Spatial resolution A. Sufficient spatial resolution to prevent significant partial volume effects B. Recommendation: more than 3 pixels across the diameter or more than 8 pixels in the cross-section of the region of interest 5. Temporal resolution A. Sufficient temporal resolution to prevent a smooth pulsatile flow curve and cause inaccuracies B. Recommendation: acquire a minimum of 20 noninterpolated images during the cardiac cycle LGE image with two-dimensional segmented inversion recovery gradient-echo (A) in patient with poor breath holding shows poor image quality with significant motion artifact. Single shot LGE (B) shows much improved image quality with less motion artifact. 
Disease/Symptom-Based Protocol
Eighteen expert panel members, 9 cardiologists and 9 radiologists who were familiar with cardiac MRI, completed a questionnaire about the appropriate protocol for a variety of clinical situations ( Table 2 ). To assess each clinical situation, they gave 9 points if a pulse sequence was necessary and 1 point if it was not necessary. If more than half of the panelists in one group voted in the same manner (A: appropriate [7] [8] [9] ; U: unknown [4] [5] [6] ; I: inappropriate [1-3]), it was deemed a consensus. Items without consensus in the first survey reappeared in the 
